Biocrusts are the living skin of drylands, comprising diverse microbial communities that are essential to desert ecosystems. Although we have extensive knowledge on biocrust ecosystem function and what drives biodiversity in lichen and moss dominated biocrusts, much less is understood about the impacts of diversity among microbial communities. Moreover, most biocrust microbial composition studies have primarily focused on bacteria. We used amplicon-based metabarcode sequencing to explore composition of both fungal and bacterial communities in biocrusts. Specifically we tested how geography, soil depth, and crust type structured biocrust microbial communities or fungal-bacterial networks. Microbial communities were surveyed from biocrust surface and subsurface soils collected from Joshua Tree National Park, Granite Mountain, Kelso Dunes, and Cima volcanic flows located within the Mojave Desert, USA. Five biocrust types were examined: Light-algal, Cyano-lichen, Green-algal lichen, Smooth moss, and Rough moss crust types. We found the primary characteristics structuring biocrust microbial diversity were 1) geography, as central and southern Mojave sites displayed different community signatures, 2) presence of plant associated fungi (plant pathogens and wood saprotrophs), indicator, and endemic species were identified at each site, 3) soil depth patterns, as surface and subsurface microbial communities were distinctly structured, and 4) the crust type, which predicted distinct microbial compositions. Network analysis showed that Cyanobacteria and Dothideomycetes (Pleosporales) were the major hubs of overall biocrust microbial community. Such hierarchical spatial organization of biocrust communities and their associated biotic networks can have pronounced impacts to ecosystem functions. Our findings provide crucial insights for dryland restoration and sustainable management.
Introduction
In vegetation sparse drylands, plant interspaces are often covered by biological soil crusts (hereafter biocrusts) [1] . Microbial communities form biocrusts by establishing at the uppermost few millimeters of the soil, as interwoven biofilaments forming a living soil aggregate. As a major component of dryland landscapes, biocrusts account for 12% of Earth's terrestrial surfaces [2, 3] . They can be thought of as a living skin of dryland soils embodying hot spots of biodiversity, biogeochemistry, and ecosystem functions. Evolutionarily diverse organisms such as bryophytes, lichens, eukaryotic algae, cyanobacteria, bacteria, and fungi combine to form different types of biocrust distinguished by their dominant photoautotrophic community member [1, [3] [4] [5] . The complex combinations of microorganisms in biocrusts affect a range of ecosystem functions, such as: mediating soil nutrient cycles, preventing soil erosion and improving soil stabilization, assisting with regeneration of vegetation, as well as fertilizing and transforming subsurface soils [1, 2, 5, 6] .
While there is an extensive body of literature on biocrust lichen and bryophyte diversity, as well as their roles in dryland ecosystems, studies have only recently begun exploring their less conspicuous community members. Initial surveys of biocrusts' microbial composition targeted bacteria and algae [7] [8] [9] [10] . As the major photosynthetic components of biocrust, some studies specifically examined cyanobacteria and eukaryotic algae, but the majority of these focused on European biocrusts [11] [12] [13] [14] [15] . Knowledge from other continents is as yet much less extensive [16] . Most published work has employed culture dependent approaches, which likely underestimate microbial diversity (as demonstrated by for example ref. 17, 18) . Few have investigated how photoautotrophic diversity is associated with heterotrophic archaea, bacteria, and fungi in biocrusts. Moreover, microbial community associations were not usually explored in different biocrust types identifiable by their dominant photoautotrophic community member as light (cyanobacterial/algal), dark (cyanobacterial/algal), lichen, and bryophyte crust [3, 19, 20] .
In particular, our knowledge of biocrust fungal diversity is extremely poor. In the past, biocrust fungal diversity was examined using denaturing gradient gel electrophoresis (DGGE) [21] . Newer procedures greatly improve biodiversity assessment, but only a handful of researchers have applied environmental DNA-based next generation sequencing (NGS) approaches to biocrust systems [3, 22, 23] . Although general trends of fungal diversity agree between DGGE and NGS, the latter approach offers much greater taxonomic coverage and resolution than DGGE. Specifically when using ITS amplicons, a broad range of fungal diversity can be revealed and be used to identify most taxa to genus or species level [24] [25] [26] . In addition to ITS NGS, 16S NGS has been used successfully to characterize archaeal and bacterial diversity [27] . As a result, broad coverage of bacteria, archaea, and fungal diversity in biocrust can now be attained with great taxonomic resolution. Moreover, NGS of combined microbial taxa allows us to answer microbial linkage questions which have not yet been explored in biocrust communities. Thus, joint surveying of fungal and bacterial/archaean communities with NGS data enables deeper comparisons of biocrust microbiome diversity, allowing us not only to identify core taxonomic composition of biocrust types, but also to specify the key players and thus reveal network connections within bacterial communities, within fungal communities, and also across fungal-bacterial communities.
Similarly less explored are questions about regional patterning of biocrust diversity, or how diversity changes vertically when comparing the biocrust to the adjoining subsurface soil. When microbial communities were studied with DGGE, similar major fungal and bacterial phyla were observed in biocrusts from different localities [9, 28, 29] . However, sampling was often conducted at a small spatial extent, and the procedures employed often focused on a single group of organisms. Although similar major phyla were found in different localities, previous results suggested different relative abundance geographically. To date, only a handful of studies reported broadscale geographical patterns of biocrust microbial communities in North America [30] [31] [32] . Moreover, most biocrust studies focused on the biocrust itself (surface) without comparing the underlying subsurface microbial community. Yet recent investigations have shown differences between the surface and subsurface bacterial community [8, 28, 33] . Such vertical heterogeneity may create confounding effects when comparing alpha/beta diversity results from different surveys especially if standard soil depths are used in sampling efforts. Recognizing these gaps in our understanding gives us the opportunity to investigate microbial community composition and structure at different levels of complexity -regionally, structurally among biocrust types, as well as vertically by soil depth. Therefore, a regional survey of biocrust microbial community survey is needed which also focuses on microscale patterns within each sampling site by incorporating different crust types and soil depths.
We investigated microorganisms from the three domains of life including Archaea, Bacteria, and Fungi, using high-throughput amplicon sequencing targeting both the 16S rRNA and ITS1 markers. In this paper we ask the following research questions: 1) Does geographical location structure biocrust microbial communities? 2) Do biocrusts contain unique (endemic) microbial species at each site? 3) Do biocrust microbial surface communities differ from those in the adjacent soil subsurface? 4) Do biocrust types each have their own unique assemblages of microbes and do characteristic differences in richness exist between them?
To address these questions, we collected biocrust samples from four different sites along a north-south axis within the Mojave and the ecotone of the Mojave and Colorado Deserts. We collected both surface and subsurface material from five different biocrust types from each site. We hypothesized that: 1) geographical locations structure biocrust microbial communities where our 3 central Mojave sites will have similar microbial composition while the JTNP site at the ecotone of the Mojave and Colorado desert will have different microbial composition; 2) different geographical locations will harbor key/endemic species that are unique to each site; 3) soil depth affects fungal and bacterial diversity in which light dependent microbes have higher abundances on the surface while heterotrophs are more abundant below the biocrust. Both alpha and beta diversity will distinguish subsurface soil microbial community composition from surface communities, where photoautotrophs are major components; and 4) biocrust types relate to microbial diversity, where more complex assemblages such as lichen and moss crusts will have greater alpha diversity in both fungal and bacterial composition than structurally less complex types such as light algal crusts.
Materials and Method 2.1 Sampling sites and biocrust sampling
Biocrust samples were collected from four different sites in the Mojave Desert and at its southern edge. Our Joshua Tree National Park (JTNP, GPS: 34.10N, -115.45W) site is located at the ecotone of the Mojave Desert with the Colorado Desert, while sites at Granite Mountains (GMT, GPS: 34.78N, -115.63W), Kelso Dunes (KELSO, GPS: 34.89N, -115.69 W), and Cima volcanic field (CIMA, GPS: 35.20N, -115.87W) sites were located further north in the central Mojave Desert ( Figure 1D ) (Google, 2019). Using sterile sampling technique, five biocrust types were collected with a spatula. The underlying subsurface soil for each biocrust type was also collected ( Figure 1G ) by pushing a 5cm diameter brass core to a depth of 5cm (or less if subsurface rock interfered). Light algal crust (LAC, Figure 1A ), Cyanobacteria lichen crust (CLC, Collema spp., Figure 1C ) and Green algal lichen crust (GLC, Clavascidium lacinulatum, Figure 1B & 1E) were collected at all four sites, while rough moss crust (RMC, Syntrichia spp., Figure 1F ) and smooth moss crust (SMC, Bryum spp., Figure 1H ) were collected in addition at KELSO, GMT, and CIMA (neither type was sufficiently prevalent for collection at the JTNP sampling site). For each type of biocrust, surface versus subsurface soil samples were collected into separate 50 ml tubes. Biocrust samples were stored on ice and transferred to a -80°C freezer at University of California Riverside.
NGS sequencing analysis
DNA extraction was performed with 0.15 g of biocrust using the QIAGEN DNeasy PowerSoil kit (Qiagen, Germantown, MD, USA) following manufacture standard protocol. The ITS1F and ITS2 primer pair was used to amplify the internal transcribed spacer region (ITS) for the fungal community according to Smith and Peay's Illumina MiSeq protocol [24] . The 515F and 806R primers were used to amplify the 16S rRNA V4 gene region for bacterial community following Caporaso et al. [27] . PCR reactions were processed in 25 ul total volume in three replicates which included 1 ul of each primer (10 uM), 1 ul of genomic DNA, 12.5 ul of Taq 2X DNA Polymerase (Thermo Fisher Scientific Inc., Waltham, MA, USA), and 9.5 ul of nuclease-free water (Sigma-Aldrich, St.Louis, MO, USA). PCR conditions were: initial denaturation at 93°C for 3 min; 35 cycles of denaturation at 95°C for 45 sec, annealing at 50°C for 1 min, extension at 72°C for 90 sec, and a final extension at 72°C for 10 min using C1000 thermal cycler (BioRad, Hercules, CA, USA). PCR products from three replicates were combined and then purified using NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Hoerdt, France) and pooled to produce equimolar mixture. Pooled libraries were quantified using Qubit dsDNA HS Assay (Life Technologies, Carlsbad, CA, USA) and analyzed using Agilent 2100 Bioanalyzer and Fragment Analyzer (Agilent Technologies, Santa Clara, CA, USA). Then pooled libraries were sequenced using Illumina MiSeq (San Diego, CA) with the V3 kit to generate paired-end reads in 2 x 300bp format, at the Institute for Integrative Genome Biology, Core Facilities, University of California, Riverside (http://iigb.ucr.edu). A total of 8,918,345 paired end sequence reads were produced and submitted to the Sequence Read Archive (SRA) databases associated with BioProject accession number PRJNA544067.
Bioinformatics
The fungal ITS1 amplicon sequences were analyzed with AMPtk: the Amplicon Toolkit for NGS data (formally UFITS) [34] (https://github.com/nextgenusfs/amptk). The demultiplexed paired-end sequences data were pre-processed by trimming forward and reverse reads to a maximum of 300 bp, trimming primer sequences and discarding reads less than 100 bp in length. The paired-end reads were merged to produce a single long read using USEARCH v9.1.13 [35] where they could be found to overlap. After pre-processing, a total of 3,040,944 valid paired sequence reads were produced. Sequence quality filtering was performed with the expected error parameter of 0.9 [36] , which produced 2,392,561 quality filtered reads. This cleaned sequenced dataset was clustered with UPARSE using a 97% percent identity parameter, which generated 2,569 Operational Taxonomic Units (OTUs) following the procedure of Palmer et al. [34] . Chimeric OTUs, sequences produced from PCR amplification of templates or parent sequences, were filtered using VSEARCH (v 2.3.2) [37] which removed 65 chimeras after comparison to the database. Finally, taxonomic assignment for 2,504 OTUs was performed with the AMPtk hybrid approach using names from UNITE v8.0 [38] and functional guilds were assigned using FUNGuild v1.0 [25] .
The 16S V4 amplicon sequences were analyzed using Quantitative Insights Into Microbial Ecology version 2 (QIIME2 v2019.1) [39] using bacterial 16S processing workflows. Demultiplexed sequence data (5,757,892 reads) were imported to QIIME2 then pre-processed by trimming primers from forward reads and quality control was performed using DADA2 (q2-dada2 plugin) [40] . The sequences were truncated to 250 bp based on the base call quality score during this step. After pre-processing steps, the resultant dataset contained 5,042,292 reads and amplicon sequences variant (ASV) table with associated sequences were generated from DADA2. Taxonomy classification was performed using q2-feature-classifier [41] with extracted 515-806 SILVA database [42] based on ASV table and associated sequences which were well-developed for bacterial data processing through QIIME2 following published protocols [39] [40] [41] [42] . Mitochondria and chloroplast sequences were removed from the dataset resulting in 18,564 ASVs.
Data analysis
Both fungal and bacterial data were rarefied and analyzed using Phyloseq packages in R version 3. [45] . Differences in alpha diversity were evaluated and compared using ANOVA with the "aov" function and pairwise multiple comparison (Tukey test) with the "TukeyHSD" function in R. Beta diversity was compared using PERMANOVA with the "adonis" function in the "vegan" package in R [46] . Network analysis was implemented with the SpiecEasi package [47] and followed the pipeline procedure for cross domain analysis [48] . Circular fungal-bacterial networks plots were generated using the "circlize" package in R [49] . We also performed indicator species analysis (function "indval" in "labdsv" package) in R [50] to identify the significant species at p = 0.05 that are predicted to be part of the structured crust types and sites.
Results

Geography, soil depth, and crust type influence biocrust microbial species richness
Alpha diversity analysis of biocrust microbial communities identified geographical differences for bacterial richness (ANOVA, F(3,20) = 4.845, p = 0.011) but not for fungal richness (ANOVA, F(3,20) = 1.493, p = 0.25) ( Figure 2A ). At JTNP, bacterial species richness was significantly lower than at GMT and KELSO, but not significantly different from the values at CIMA ( Figure 2B ). When comparing by soil depth, biocrust surface samples had significantly lower species richness than subsurface soil samples, both for fungal and bacterial richness (fungal t-test, t(43.594) = 3.208, p = 0.0025) (bacterial t-test, t(31.587) = 9.84, p = 3.856e-11) ( Figure 2C and 2D). Also, fungal and bacterial richness of biocrust surface samples was significantly different by crust type (fungal ANOVA, F(4,19) = 9.456, p = 0.00022, bacterial ANOVA, F(4,19) = 4.256, p = 0.013 ( Figure 2E ). Fungal species richness in GLC was significantly lower than in other crust types. In addition, bacterial alpha diversity in LAC was significantly lower than in CLC, but not significantly lower than in other crust types ( Figure 2F ).
There were 38 fungal taxonomic classes observed across all samples ( Figure 3A and S1). We compared alpha diversity for each fungal class by site, layer, and crust type. Fungal richness comparison among sites showed significant differences within 3 fungal classes (Leotiomycetes (ANOVA, F(3,20) = 6.435, p = 0.00315), Blastocladiomycetes (ANOVA, F(3,20) = 4.818, p = 0.011), and Pucciniomycetes (ANOVA, F(3,20) = 3.912, p = 0.0239) ( Figure S1 ). Generally, GMT had greater richness for these three fungal classes than the other sites while richness was lowest in JTNP. Blastocladiomycete and Pucciniomycete richness was greater in CIMA and GMT (central Mojave sites) than at JTNP, while Leotiomycetes richness was also greater at GMT and KELSO (central Mojave) than JTNP. When comparing by soil depth, 10 fungal classes showed significant differences richness (ttest, p < 0.05): Sordariomycetes, Agaricomycetes, Schizosaccharomycetes, Mucoromycetes, Saccharomycetes, Orbiliomycetes, Entomophthoromycetes, Mortierellomycetes, Basidiobolomycetes, and Pneumocystidomycetes (Table S1 ). All of these fungal classes were richer in subsurface soils than in the biocrust surface samples ( Figure  3B , 3C, and 3D). Most fungal OTUs (514 OTUs) were shared between surface biocrust and subsurface samples ( Figure S3B ). Lastly, comparing fungal richness across crust types for each fungal class showed that 9 fungal classes were significantly different by crust type (ANOVA, p < 0.05): Sordariomycetes, Eurotiomycetes, Lecanoromycetes, Dothideomycetes, Leotiomycetes, Agaricomycetes, Schizosaccharomycetes, Pezizomycetes, and Tremellomycetes ( Figure S1B and Table S2 ): GLC generally had lower fungal richness than the other crust types. Moss crusts (RMC and SMC) had greater fungal richness for Leotiomycetes, Peziozomycetes, and Tremellomycetes.
Bacterial alpha diversity was significantly different when comparing crust types, sites, and soil layers, and can be seen as differences in the relative abundance values in the taxonomic composition bar plot among the 30 prokaryotic phyla (Figure 4 and S2). Bacterial species richness comparison (for each phylum) by site indicated there was variable distribution of richness among 10 bacterial phyla (ANOVA, p < 0.05); including Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, Acidobacteria, Planctomycetes, Patescibacteria, Armatimonadetes, Gemmatimonadetes, and Verrucomicrobia ( Figure S2A and Table S3 ). In Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, Acidobacteria, and Verrucomicrobia, bacterial species richness was lower at JTNP than at other sites. Acidobacteria, Planctomycetes, Patescibacteria, and Gemmatimonadetes had greater richness at GMT than at any other site. When comparing by soil depth, 19 phyla showed significant differences between surface vs. subsurface samples (t-test, p < 0.05); Proteobacteria, Firmicute, Actinobacteria, Euryarchaeota, Nanoarchaeota, Thaumarchaeota, Acidobacteria, Planctomycetes, Patescibacteria, Elusimicrobia, Armatimonadetes, Chloroflexi, Gemmatimonadetes, Entotheonellaeota, Cyanobacteria, Nitrospirae, FBP, Fibrobacteres, and Verrucomicrobia ( Figure 4 and Table S4 ). Nearly all of these phyla showed greater species richness in subsurface soil than in biocrust samples. Cyanobacteria were the only bacterial phylum with significantly greater richness in biocrust surface samples than in subsurface soil. Majority of bacterial surface ASVs (2883 ASVs) were shared between surface biocrust and subsurface samples ( Figure S3A ). Ten phyla were significantly different by crust type (ANOVA, p < 0.05); Proteobacteria, Acidobacteria, Planctomycetes, Patescibacteria, Armatimonadetes, Deinococcus-Thermus, Chloroflexi, Cyanobacteria, FBP, and Verrucomicrobia ( Figure S2B and Table S5 ). In Proteobacteria, Acidobacteria, Planctomycetes, Patescibacteria, and Verrucomicrobia, species richness was greater in moss crusts (RMC and SMC) than in other crust types. Richness of Armatimonadetes was lowest in LAC while Chloroflexi richness was highest in CLC. Lastly, Cyanobacteria richness was lower in moss crusts than in other crust types, versus highest in CLC.
Geography, soil depth, and crust type contribute to microbial composition pattern
Overall, the composition of biocrust fungal communities were significantly different when comparing by site (PERMANOVA, p = 0.001) and soil layer (PERMANOVA, p = 0.001) ( Figure 5A ). These differences in beta diversity were visualized in PCoA plots revealing 1) a geographical pattern: JTNP biocrust fungal composition clustered separately from central Mojave fungal communities (KELSO, GMT, and CIMA), 2) JTNP showed the strongest surface/subsurface clustering while central Mojave showed some surface/subsurface clustering, but not as clearly distinct as we observed in JTNP, and 3) Fungal beta diversity analysis showed that fungal community structures were also significantly different by crust type (PERMANOVA, p = 0.004) ( Figure S4 ) but the clustering of samples by crust type was the weakest. GLC fungal community was distinctly different from other crust types, while the other biocrust types had overlaps in their fungal community composition, Geography, soil depth, and biocrust types also influenced bacterial community composition. Bacterial communities were significantly different by site (PERMANOVA, p = 0.001) and layer (PERMANOVA, p = 0.001) ( Figure 5B ). Distinct clustering of JTNP bacterial communities away from the three sites of the central Mojave supported findings from the fungal communities. Bacterial communities also showed very strong surface/subsurface patterning where surface samples clustered closer together and the majority of subsurface samples were clustered near each other (nevertheless, two subsurface samples are clustered with surface samples). Moreover, when bacterial beta diversity was compared between different crust types, significant differences were detected (PERMANOVA, p = 0.001) ( Figure S5 ) which produced a strong secondary pattern in addition to the surface/subsurface pattern ( Figure  5B ).
Fungal-bacterial networks underlie biocrust microbial connections
Microbial co-occurrence network analysis showed multiple discrete connections and abundance correlations among bacteria, archaea, and fungal biocrust communities. Bacterial networks were the most connected (~54% were bacterial-bacterial connections) among all microbial communities both within and across domain networks ( Figure 6 ). The network inferred from the abundances in surface samples indicated these communities are mostly structured within a large connected network (in the center of Figure 6 ) which contained Actinobacteria, Cyanobacteria, Proteobacteria, Ascomycota, and Basidiomycota as major backbone of microbial network hubs. For biocrust surface samples, cross domain fungal-bacteria links included; 1) Agaricomycetes and Dothideomycetes linked to Actinobacteria, 2) Agaricomycetes, Dothideomycetes, Eurotiomycetes, Orbilliomycetes, and Sordariomycetes linked to Cyanobacteria, 3) Dothideomycetes, Eurotiomycetes, and Pezizomycetes linked to Alphaproteobacteria, and 4) Dothideomycetes, Lecanoromycetes, and Sordariomycetes were linked to Blastocatellia (Figure 7 ). The complete network of microbial connections (both within and across domains) is depicted in Figure  S6 .
Subsurface soil samples showed similar patterns to surface biocrust where bacterial networks were more connected than other microbial community networks ( Figure S7 ). Although large connected networks were observed as well, the major backbone and fungal-bacterial networks in subsurface communities revealed features different from surface microbial communities. The Mmajor phyla structuring subsurface microbial networks were Actinobacteria, Proteobacteria, Ascomycota, and Basidiomycota. Fungal-bacterial networks in subsurface samples included; 1) Agaricomycetes, Dothideomycetes, Eurotiomycetes, and Lecanoromycetes were linked to Actinobacteria, 2) Agaricomycetes, Basidiobolomycetes, Dothideomycetes, Leotiomycetes, Orbilliomycetes, and Sordariomycetes were linked to Alphaproteobacteria, 3) Dothideomycetes were linked to Bacteroidia, 4) Dothideomycetes and Mortierellomycetes were linked to Blastocatellia, 5) Dothideomycetes were linked to Chloroflexia, 6) Dothideomycetes were linked to Gammaproteobacteria, and 7) Eurotiomycetes were linked to Rubrobacteria ( Figure S8 ).
Indicator and Endemic species specified geographical and crust type patterns
Overall, fungal indicator species analysis revealed fewer indicator species with lower abundance values than bacteria. Only 2 fungal indicator OTUs were detected by crust type and 11 species by site. Specifically, for RMC there was 1 species/OTU (closest related taxon: Sporormia subticinensis, dung saprotroph) and for SMC 1 species/OTU (closest related taxon: Acrophialophora levis, plant pathogen), but no fungal indicator species occurred in CLC, GLC, and LAC (Table S5) (Table S7 ). In biocrust surface samples from all four sites, the top 50 endemic fungal species/OTUs (unique OTUs that were found specifically at each site) were mostly from Ascomycota, which included Acarosporales, Capnodiales, Chaetothyriales, Eurotiales, Geoglossales, Helotiales, Lecanorales, Orbilliales, Ostropales, Peltigerales, Pezizales, Pleosporales, Sordariales, Umbillicariales, and Verrucariales (Figure 8 ). Basidiomycota (Agaricales and Filobasidiales) and Mortierellomycota (Mortierellales) were also found to contain endemic species/OTUs. Identifiable fungal endemic OTUs were most similar to Acarospora fuscata (lichenized fungi: endemic to GMT), Acrophialophora levis (plant pathogen: endemic to KELSO), Cladosporium herbarum (plant pathogen and/or wood saprotroph: endemic to JTNP), Curvularia affinis (plant pathogen: endemic to JTNP), and Deniquelata barringtoniae (saprotroph: endemic to JTNP). Other endemic fungi were not identifiable at species level.
In contrast, prokaryote indicator species analysis of biocrust surface samples showed 36 bacterial indicator ASVs within crust types and 67 ASVs when analyzed by site. There were 9 bacterial indicator species/ASVs for CLC (most closely similar to proteobacteria Azospirillum soli), 4 indicator species/ASVs for LAC (closest to proteobacteria Belnapia moabensis), 6 indicator species/ASVs for RMC (closest to proteobacteria Salinarimonas sp. BN140002) and 17 indicator species/ASVs for SMC (closest relatives were deinococcus-thermus Deinococcus pimensis DSM 21231 and cyanobacteria Calothrix sp. HA4186-MV5), while no bacterial indicator species/ASVs were observed in GLC (Table S8) (Table S9 ). Bacterial endemic species showed a different pattern in which JTNP contained more bacterial endemics (28 species/ASVs) than all central Mojave sampling sites combined (22 species/ASVs). KELSO and CIMA had 9 bacterial endemics while GMT had the lowest number of bacterial endemics (4 species/ASVs). All endemic species/ASVs were from Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Firmicutes, Gemmatimonadetes, Proteobacteria, and Verrucomicrobia. Identifiable bacterial endemic genera included ASVs which were most closely similar to Adhaeribacter (bacteroidetes), Blastocatella (acidobacteria), Blastococcus (actinobacteria), Chroococcidiopsis (cyanobacteria), Chthoniobacter (verrucomicrobia), Cystobacter (proteobacteria), Flavisolibacter (bacteroidetes), Gemmatirosa (gemmatimonadetes), Hymenobacter (bacteroidetes), Lechevalieria (actinobacteria), Limnothrix (cyanobacteria), Mastigocladopsis (cyanobacteria), Microvirga (proteobacteria), Pseudonocardia (actinobacteria), Rhodocytophaga (bacteroidetes), Sphingomonas (proteobacteria), Symplocastrum (cyanobacteria), Tumebacillus (firmicutes), Tychonema (cyanobacteria), and Wilmottia (cyanobacteria) (Figure 8 ).
Discussion
In our study, we detected several distinct patterns structuring biocrust microbial communities in the Mojave Desert. These patterns include 1) a strong geographical differentiation between the three central Mojave sites (GMT, KELSO, and CIMA) versus the southern Mojave site (JTNP), 2) a soil depth pattern which clearly differentiates biocrust surface diversity from subsurface microbial communities, and 3) a biocrust type pattern which shows differences between LAC, CLC, GLC, SMC, and RMC. Microbial network analysis showed Cyanobacteria as the major hubs for overall biocrust microbial community connectivity, while Pleosporales were the major fungal hubs for fungal-bacteria networks. Recognizing these patterns, continuing to disentangle their biotic linkages, and investigating how these patterns and networks affect ecosystem functions will contribute crucial information to dryland conservation and restoration management.
Geographical pattern: Does geographical location structure biocrust microbial communities and reveal unique microbial species?
Previous research has identified characteristics that determine biocrust distribution both globally and locally which included "biogeographic, climatic, edaphic, topographic, and biotic" factors [51] . Geographical distribution of these biocrusts was previously examined using externally visible morphology for scoring crust coverage fractions and occurrence across the region of study. Many previous case studies have demonstrated biogeography based on presence/absence of functional biocrust types, but these can be difficult to compare across several studies due to differences in sampling methods and taxonomic keys used, or by focusing on single biocrust type [51, 52] . In our study, we employed both morphological identification and whole community microbial NGS to determine the regional distribution of biocrust. We observed distinct geographical patterns within the Mojave Desert in which both alpha and beta diversity differentiated microbial communities in central Mojave (GMT, KELSO, and CIMA) from southern Mojave (JTNP). Our results are similar to previous studies in which microbial communities were more similar when collecting sites were in close proximity [30] [31] [32] . However, our findings also indicate that major differences were likely due to a Mojave-Colorado desert ecotone effect at JTNP, which significantly separated southern Mojave microbial communities from central Mojave diversity.
Despite us sampling the same functional biocrust types with similar external morphologies in all 4 localities, beta diversity and indicator species analysis indicated that central Mojave Desert localities had unique microbial communities in the surveyed crust types dissimilar from the same crust types sampled in JTNP. Although external morphology was not visibly different, our results demonstrated that microbial communities and indicator microorganisms showed greater resolution to identify geographical pattern/separation at the Mojave-Colorado desert ecotone than morphological identification. Similar procedures previously identified a boundary of Mojave desert and Colorado desert using vascular plant taxon composition and key species [53] . Employing a similar procedure, we identified major fungal and bacterial components that contributed significantly to biocrust microbial geographical patterning (ANOVA, p < 0.05). These included two phyla in fungal communities (Sordariomycetes and Agaricomycetes) and eleven phyla in bacterial communities (Proteobacteria, Bacteroidetes, Actinobacteria, Acidobacteria, Planctomycetes, Armatimonadetes, Chloroflexi, Gemmatimonadetes, Cyanobacteria, FBP, and Verrucomicrobia). To our knowledge, this is the first report of biocrust geographical fungal indicator species. They are plant associated fungi specifically found in biocrusts at each site, for example: Allophoma labilis -plant pathogen (JTNP) [25, 54] ; Curvularia inaequalis -Plant pathogen (JTNP) [25, 55] ; Cladosporium herbarum -Plant Pathogen and/or Wood Saprotroph (KELSO) [25, 56, 57] ; Colletotrichum gloeosporioides -Endophyte and/or Plant Pathogen (KELSO) [25, 56] ; Ulocladium dauci -Plant Pathogen (KELSO) [25, 56] ; and Preussia terricola -Dung Saprotroph and/or Plant Saprotroph (CIMA) [25, 58] . Although the fungal loop hypothesis is a major focus for plantbiocrust interaction studies [59] , our results suggest other important plant-biocrust interactions are mediated through the fungal community. Biocrust ability to capture seeds [60] could also mean that biocrusts are able to trap plant associated fungal spores, which then develop roles within the biocrust community for decomposition purposes.
Soil depth pattern: Do biocrust microbial surface communities differ from those in the underlying soil subsurface?
As a living skin of drylands, biocrusts are usually studied with exclusive focus on the surface [2] . As an example of the few exceptions, pioneering biocrust work on soil depth patterns was conducted on the Colorado Plateau, using culture-based quantification of viable aerobic copiotrophs (VAC) to show that bacterial populations in biocrust compared to its own subsurface soil or to soil without crust [8] . However, DGGE fingerprints of bacterial community in the same study did not show soil depth as a factor in microbial diversity patterning. Bacterial communities were subsequently shown soil depth pattern in Colorado Plateau and central Mojave using NGS approach which provided more resolution to microbial diversity [28, 32] . Only one study to date has surveyed both the fungal and bacterial communities in and below biocrusts, reporting soil depth patterning in southern Nevada with higher subsurface diversity for both domains [33] . In general, our soil depth pattern results were similar to previous studies when we explored high-level taxonomic diversity and species richness. We found lower overall species richness within biocrust samples than in subsurface soil. Cyanobacteria on the other hand were greater in species richness for biocrust than in subsurface soil, due to their dependence on availability of light [8, 28] . In previous studies, the major bacterial phyla (Acidobacteria, Actinobacteria, Chloroflexi, and Proteobacteria) were observed to be more diverse and had greater richness in subsurface soil [28, 32] . This confirmed our results, and we furthermore found that 12 additional bacterial and 3 archaeal phyla were also significantly different between surface vs. subsurface soil in our data set (Table S4 ). Thus, Mojave biocrust bacterial communities showed more vertical differences than previous publications, which may indicate greater differentiation of functional traits. We also explored the fungal community, which indicated similar pattern to the bacterial community. Fungal species richness in biocrust surface samples was greater than in subsurface soil. We also found that Sordariomycetes had significant soil depth pattern similar to a previous study in Nevada [33] . However, nine additional fungal classes showed significant soil depth pattern at our collection sites in Mojave desert, California compared to southern Nevada [33] .
To our knowledge, this study is the first biocrust microbial study, which incorporated cross domain (fungalbacterial) networks. Incorporating fungal with bacterial community in microbial network analysis improves network stability compared to single-domain microbial networks [48] . To better understand the entire microbial network in biocrust systems, bacteria and fungi were jointly analyzed in a single cross-domains network analysis, identifying key microorganisms in both domains. Our network analysis showed that Cyanobacteria were the key microbial hubs for biocrusts (surface), which corresponds to previous findings [6, 16] and to their high biomass previously detected in biocrust surface samples [8, 28, 33] . We also identified Pleosporales (Dothideomycetes) as the key to fungalbacterial connections, which has been previously shown as dominant fungal taxa in biocrust and semiarid area [31, 61] . We found that Agaricomycetes were another major fungal hub, which fits the abundance of the group as reported in the southern Nevada study [33] . Thus, our data suggested two groups of fungi that could potentially be key microorganisms for biocrusts in both southern California and Nevada. While Cyanobacteria were not present as a hub in our analyses of subsurface soil samples, Pleosporales (Dothideomycetes) were also a major hub for fungalbacterial networks in subsurface soil while Agaricomycetes were also found as a minor hub. Therefore, our results indicated that fungal hubs were similar between surface and subsurface, while bacterial networks were different mostly because of photoautotrophs. Overall, we noted a strong soil depth pattern in our Mojave biocrusts, with greater numbers of bacterial phyla and fungal classes contributing to these patterns than previously reported [8, 28, 33] . Nonetheless, functional guild could not be identified for the fungi that contributed to soil depth patterning. If functional guild was identifiable, it could potentially provide essential information of the fungal hubs.
Biocrust type pattern: Are biocrust types linked with microbial diversity?
Different biocrust types have been well studied and are classified by a combination of their morphology, aggregation strength and by dominant photoautotrophic community members such as cyanobacterial or algal, bryophytes, and lichens [2, 3, 19, 20] . Many environmental factors such as temperature, moisture, salinity, soil texture, dust deposition, etc. influence the different crust types that occur in the region [2] . However, we have very little knowledge about how biocrust types are linked with their microbial communities. In order to fill in this gap, we examined and compared five different biocrust types including LAC, CLC, GLC, SMC, and RMC for both bacterial and fungal community. We observed lower bacterial species richness in LAC, which was expected because LAC is an initial phase of biocrust formation. These results were similar to previous findings, which indicated lower species richness in early stage biocrust [3, 62] . However, these differences were not observed in fungal communities, which suggests very small changes in fungal richness occur through biocrust successional processes. Fungal alpha diversity showed similar patterns across all biocrust types, except for GLC which had the lowest fungal species richness, indicating that some fungi were relatively more abundant in this crust type ( Figure S1B ). Therefore, we have shown that fungal and bacterial communities did not necessarily follow the same trend in structuring their communities in different crust types.
Cyanobacteria, which was previously indicated to be the major microbial hubs from our network analysis, showed that they were more abundant in LAC, CLC, and GLC than in SMC and RMC. The presence of Cyanobacteria in LAC and lichen crusts, but not in moss crusts is indicative of their central role as primary autotrophic community members. Alpha diversity analysis also differentiated LAC, CLC, GLC from moss crusts (SMC and RMC) in their composition of Proteobacteria, Actinobacteria, and Acidobacteria. In these phyla, greater alpha diversity was observed in moss crusts than LAC and lichen crusts. Moss crust has been shown to retain more moisture than light cyanobacterial crust [63] and fixes carbon at higher rates [4] , thus contributing greater quantities of organic matter to support other soil bacteria. In addition, our indicator species analysis also showed that both types of moss crust contained both fungal and bacterial indicator species (Table S6 and S8) indicating that moss crusts could be distinguished by indicator species (we noted that indicator species may exist for each crust type but we recommend a higher sampling effort to test for this.). However, we were not able to identify identical lichen species from sequences as we described from external morphology, but several OTUs matched Peltigerales (with high abundance in CLC) which could possibly be Collema sp. and many OTUs matched Verrucariales (with high abundance in GLC) that might be Clavascidium sp. as we identified from morphology. This issue clearly shows that better molecular markers are needed for these lichens. Although a clear crust type pattern was not observed from indicator species analysis, we showed that crust type differences were detected with indicator species. Therefore, our results supported the crust types differences hypothesis that microbial communities are structured by crust types.
Implication to conservation and restoration management
Current efforts are attempting to restore biocrusts in heavily disturbed landscapes [64] [65] [66] [67] are often met with little or no success. Our findings provide several implications for conservation and restoration management that have yet to be incorporated. In our dataset, which was limited to five biocrust types from four sampled sites, microbial communities from the same biocrust type in different locations are not identical and should therefore not be considered as interchangeable biocrust inoculum for restoration. Further, the efforts of establishing biocrust restoration from inoculum often focus on promoting biomass growth of primarily photoautotrophs, but much less on other biocrust microorganisms which could also be important biocrust components. Our data support that other biocrust microbes could also be essential components to these communities and we have shown that complex linkages within and between the two surveyed microbial domains, hub taxa, and indicator species do occur and are discoverable by the applied methods. However, although we discovered fungal hub taxa in our data set, the functional guild and community function of these species are still unclear. As a result, more research is still needed on the functional roles of desert soil fungi and how they may affect biocrust microbial communities before inoculation experiments can be designed. More sites and crust types within the Mojave Desert need to be studied and efforts to implement restoration methods like inoculation should be preceded by combined domain NGS surveys like the present work. This is especially true in drylands for which no baseline work on microbial diversity has been completed yet.
Considering our findings, we recommend the following steps when considering restoring biocrust with a goal of accounting for a more comprehensive microbial composition. In cases where conservation action is needed but monetary support is lacking, passive rehabilitation remains the slowest but less invasive strategy as it is the least likely to disrupt established source biocrust communities, allows for natural recovery, and thus most likely to yield sustainable outcomes [68, 69] . In areas with urgent restoration needs, the ecoregion first must be sampled across its geographical extent to understand biocrust microbial diversity in the area and to explore factors which might contribute to biogeographical distribution. For example, previous research has shown biogeography of biocrusts and distribution of some key species was explainable in part by differences in temperature regimes [30] [31] [32] 70] . Therefore, management programs should consider how biocrust restoration might affect these local microbial communities geographically. Especially, the risk of potentially distributing likely pathogens in the area may need closer investigation, as our results indicated some local fungal plant pathogens are presented in Mojave biocrusts which could possibly be dispersed by restoration procedure used. Second, certain microorganisms could be key members of the communities representing major hubs for microbial networks that have not been identified yet. Some of these microorganisms can be found in the soil beneath the crust or are shared between subsurface soil and biocrusts, suggesting that local subsurface soil should also be considered as starting material for biocrust production or inoculation. This strategy is consistent with a previous study that showed small shifts (in contrast to significantly change cyanobacteria composition) in the cyanobacterial community when using local soil/biocrust inoculum [67] .
Lastly, we have also shown that biocrust microbial communities are different depending on the crust's primary photoautotrophs (moss vs. lichen crusts) and external morphology should therefore be clearly identified. Likewise, other major knowledge gaps still exist in our understanding of the temporal variability of biocrust communities. For instance, we need a better understanding of how temporal changes and seasonality affect the microbes of resident biocrust communities, and how this may render those communities more or less suited for active microbial inoculation.
Conclusion
In summary, our findings provide the most extensive characterization of local biocrust microbiota to date from the central and southern Mojave Desert. It is to our knowledge the first comprehensive biocrust microbial community investigation, which revealed geographical, soil depth, and crust type diversity patterns considering both fungi and bacteria microbes. Although identification of biocrust types by their external morphology is practical for preliminary observation in the field, we have shown that microbial components within each type can be distinct geographically. Biocrust surface and subsurface communities also have unique microbial compositions. Our results supported the hypothesis that Cyanobacteria are key microorganisms in the biocrust with network analysis demonstrating that they are the major hubs for overall biocrust microbial community connectivity. We also identified Pleosporales as a major hub for fungal-bacteria networks. Our key findings imply that microbial species composition need to be taken into account in future biocrust restoration and management which should consider using either a passive restoration strategy or finding local inoculum to maintain and restore local biocrust microbial diversity. At a potential restoration site, initial assessment should also aim to understand spatial variation in the site's microbial composition, including identification of potential keystone species and surveying for potential endemics. Neglecting these differences could possibly lead to unknown consequences to both biocrust microbial communities and desert ecosystems such as risk of pathogen spread, potential loss of microbial diversity and endemic species, and possibly destruction of biocrusts.
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Figure Legends
Figure S5
. Bacterial Beta Diversity (PCoA) by Crust type showing that crust types differed significantly in the degree of divergence between surface versus subsurface community in the ordination plots (PERMANOVA, p = 0.001). Figure S6 . Microbial networks analysis for biocrust surface samples showed that bacterial networks were more connected than archaeal networks, fungal networks and fungal-bacterial networks. Figure S7 . Microbial network analysis for biocrust subsurface samples showed that bacterial networks were more connected than archaea networks, fungal networks and fungal-bacterial networks. Figure S8 . Cross-domain fungal-bacterial networks analysis for subsurface samples showed that Actinobacteria, Proteobacteria (Alphaproteobacteria) and Ascomycota (Dothideomycetes) were the major hubs for subsurface microbial networks. 
